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I. Introduction
Since the creation of atomic force microscopy, the method to measure and manipulate materials in nanoscale is enriched a lot [1, 2] . Unlike the use of scanning electron microscopy (SEM) or scanning tunnel microscopy (STM), AFM obtain the morphology of the sample by ‗touching' the surface with intermolecular force, making it possible to scan in air, vacuum or liquid. However, a traditional AFM system suffers from the limitation of slow scanning rate, it means that would take a large amount of time to complete an image. For example, a commercial AFM would take more than 2 minutes to obtain a 128 × 128 pixels resolution image with a typical scan rate of 1 Hz [3] , which is too slow for biological detection [4, 5] nanofabrication [6, 7] . It is well know that high-speed operation of an AFM are increasingly required, and it is also a challenge for the researchers. There are three main limiting factors include: the resonant frequency of the AFM cantilever, the speed of the data processing system and the bandwidth of scanner [8, 9] . Some small-sized and high bandwidth cantilevers were proposed for fast-scanning [10, 11] . Field-Programmable Gate Array (FPGA) and rapid acquisition system were used to implement the required controller and data processing. As a very important part of AFM system, scanner will have a significant impact the result of the scanning imaging and operation. Conventionally, piezoelectric tube scanners are the most widely used scanner in commercial AFMs, because it has excellent resolution, simple structure, easy to install and configure. However, it has two fatal flaws include: the low resonance frequency and apparent cross coupling error, which seriously affected the scanning rate and reduced the imaging accuracy of AFM.
Therefore, it should be search another scanner to replace the conventional piezoelectric tube, one have high resonance frequencies and accuracy.
In recent years, design of a novel scanner for HS-AFM has aroused people's interest. The idea is to improve its resonant frequency based on flexible hinge structure.
Several XYZ nanopositioning scanners have been reported [12] [13] [14] , which consists of a XY stage and a Z stage. A number of commercial AFMs have appeared in the market, which were equipped with flexure-based nanopositioning platforms [15, 16] .
Flexure-guided mechanisms are categorized into two main configurations: serial or parallel. Depending on design requirements, some configurations have been reported.
For serial kinematic mechanism, such as, Leang and Fleming [17] presented a serial-kinematic two-axis (XY) high-speed scanner in 2009. And a XYZ AFM scanner was presented by Kim et al [18] . Wadikhaye et al [19] presented a compact serial-kinematic XYZ scanner in 2011. The next year, another serial-kinematic high-performance XYZ stage was reported by Kenton and Leang [20] , which was integrated with a commercial AFM. In addition, for another flexure mechanism: parallel kinematic mechanism, Yong et al [21] design of a high-speed nanopositioner based on parallel flexure-guided mechanism. A novel scanner presented by Schitteret al [22] , which enables scanning speeds three orders of magnitude faster than the conventional AFMs. Klapeteket al [23] presented a scanning system enables generating nano-resolution and over mm 2 regions. Li et al [24] design, analysis, and testing of a parallel-kinematic high-bandwidth XY stage driven by PZTs. Due to parallel structures offer high motion accuracy and mechanical stiffness, leading to high resonance frequencies and compactness, parallel flexure-guided mechanism are increasingly utilized in high-speed nanopositioning stages.
In this paper, we proposed a parallel kinematic high-speed piezoelectric actuator it was applied to a home-made AFM system, which is the first time we build and report. And some scanning imaging results were obtained.
This paper is organized as follows. Section II describes the design and characterization of the parallel kinematic XYZ scanner. Section III presents the testing experiment of the scanner while section IV shows the home-made AFM system and scanning imaging obtain by applying the proposed scanner. Section V concludes the paper.
II. Mechanical Design and Model Verification

A. Mechanical design
This paper presented an AFM scanner, which consists of a XY stage, a Z stage, three piezoelectric actuators (PZTs). The assembly view of the scanner is shown in Fig. 1.
In this section, the mechanical design of XYZ scanner is aimed at achieving high resonance frequencies and low cross-coupling errors. Therefore, based on parallel mechanism design ideas, the proposed XY stage as shown in Fig As shown in Fig. 2(b) , the Z stage is also designed with the parallel flexure mechanisms, which can be fixed with four bolts on the moving platform. The end-effector is connected to the fix frame through four leaf-spring hinges. Four leaf-spring hinges are located at the same circle with the separation angle of 90°, therefore, when the Z-axis PZT is activated, the end-effector can only moves along the Z direction without cross-axis coupling errors.
Benefiting from the above design, when the scanner is applied to an AFM system, the end-effector can be used to carry a sample, and it can move along in the X, Y and Z directions to meet the needs of scanning. 
B. Model verification
In this section, in order to validate the design model and obtain further insights into the static and dynamic characteristics of the developed XYZ scanner, the commercial finite element software ANSYS is utilized to perform the simulation analyses. The Figure 6 The result of motion range
B. Resolution
As shown in Fig. 7 , precision information are also tested and verified. The resolution in three directions of the scanner are clearly observed from the multi-step response experiment, which as regards three stability measures are 9 nm in the X-axis, Figure 7 The result of resolution
C. Trajectory tracking
In order to overcome the positioning error is caused by the hysteresis and nonlinear of PZTs. The inverse Bouc-Wen model can be cascaded to the physical system as a feedforward hysteresis compensator, which is designed to reduce the tracking error problem and improve the positioning accuracy of the scanner. It has already been verified that the Bouc-Wen model is suitable for compensating for hysteresis errors of PZT [25, 26] . The tracking results of the scanner with hysteresis compensation are shown in Fig. 8, 9 and 10, respectively. The maximum tracking error of the 3-axes scanner is below 2% at the frequency of 10Hz, and below 3% at the frequency of 20Hz. In this section, the implementation of the AFM system is discussed. The block diagram and experimental setup of the home-made system are shown in Fig. 11 and 
A. Calibration of the AFM System
In order to obtain the height of the sample, the relationship between the control voltage of the vertical (Z-axis) piezoelectric stack actuator and the deformation of cantilever should be clarified. A standard grating (MikroMasch TGZ2) with nominal depth value of 108nm is scanned slowly with feedback control in the Z-axis. In this case, the photo-diode error signal is extremely small; hence, the static gain can be directly calculated from the control voltage. After repeated testing and plenty of data analysis, the control signal is taken as 0.175V corresponding with a 108nm grating.
Therefore, the static gain k can be determined as:
B. Motion Coupling Compensation
According to the previous testing, the coupling motion in Z axis is inevitable when driving PZT in the X axis or Y axis (due to machining and installation errors). In order to reduce the coupling error, one simple method is to compensate the Z-axis according to the X displacement and Y displacement. It can be expressed as:
where z represents the displacement of the Z-axis, z' is the value after compensation, respectively, α and β are fitting parameters.
C. Imaging Performance
In HS-AFM, the time, which the AFM probe stays for at each pixel point, is too short for the tip to become stable. Therefore, during constant force scanning, PSD signal is combined to compensate the error of the vertical driving voltage:
Where U z is the driving voltage in the Z axis which is needed for the AFM tip to track the sample surface in constant force mode, its polarity is decided according to the structure of the AFM scanner: U z is positive in tip-scanning based AFM scanner and negative in sample-scanning based AFM scanner, U PSD is the PSD feedback voltage, k 1 is the ratio between the input Z voltage and the output PSD voltage in open-loop, the PSD is about 0.33 V corresponding to 1 V excitation signal.
The performance of our home-made AFM system is validated by scanning a standard grating sample. A MikroMasch TGZ2 calibration grating with 3 μm period and 108 nm step height was scanned, which was mounted on the scanner and raster-scanned with pure triangular waveforms at 1 Hz, 10 Hz and 25 Hz, respectively.
Scans were performed using a BudgetSensors ContAl cantilever probe with a first resonance frequency of 13 kHz and a stiffness of 0.2 N/m. testing experiments were implemented, confirming feasibility of the proposed scanner.
Finally, it was applied to the home-made AFM system, and some effective scanning imaging results can be obtained by scanning of standard gratings with the scan speed up to 25 Hz, the resolution of the image is 512 × 512 pixels. The results showed that the scanner is well qualified for high-speed scanning. Further research will focus on implementing faster control board and data acquisition system in order to rate up the scan speed.
